We used [methyl-3H]dimethyl sulfate to probe the genome structures of several RNA and DNA viruses. We compared sites of modification in nucleic acids that were methylated chemically before and after extraction from purified virions. With both single-stranded and double-stranded substrates alkylation occurred mainly at the N7 position of guanine. However, adenine NI atoms were differentially accessible in single-stranded RNA and DNA. For example, the ratios of 1-methyladenosine to 7-methylguanosine for reovirus mRNA and deproteinized genome RNA were 0.43 and 0.03, respectively. Members of the Reoviridae methylated in situ yielded RNAs with ratios of 0.04 to 0.08, indicating that the intravirion genomes were double stranded. We obtained ratios of 0.26 and 0.35 for the RNAs of dimethyl sulfate-treated brome mosaic and avian sarcoma virions, respectively, which was consistent with partial protection of adenine Ni sites by structural proteins or genome conformation or both. The ratios of 1-methyladenosine to 7-methylguanosine for vaccinia virus DNAs methylated in situ (0.10) and after phenol extraction (0.14) were less than the ratios for 4X174 and M13 DNAs (0.39 to 0.64) but considerably greater than the ratio observed with adenovirus DNA (0.002 to 0.02). The presence of a single-stranded region(s) in the vaccinia virus genome was confirmed by Si nuclease digestion of [methyl-3H] DNA; the released radiolabeled fraction had a ratio of 0.41, compared with 0.025 for the residual duplex DNA. In addition to the structure-dependent accessibility of adenine Ni, methylation of adenine N3 was severalfold lower in the intravirion genomes of vaccinia virus, 4X174, and adenovirus than in the corresponding extracted DNAs. Chemical methylation of virions and subviral particles should be useful for in situ analyses of specific regions of RNA and DNA genomes, such as the sites of protein binding during virus maturation.
Animal virus genomes vary widely in composition and structure. Different groups contain single-stranded DNAs (parvoviruses), singlestranded RNAs (picornaviruses), doublestranded DNAs (adenoviruses), and doublestranded RNAs (reoviruses) (14) . In most cases the basic structures of these genomes were established after they were extracted from purified virions by treatment with phenol, sodium dodecyl sulfate, or other protein denaturants. The importance of characterizing viral genomes in situ by direct methods, such as chemical modification, has been shown by studies of the defective parvovirus adeno-associated virus. The DNA extracted from purified preparations of this virus is double stranded (25) , but intact virions contain either plus or minus DNA single strands which readily anneal to form base-paired duplexes upon deproteinization (18, 24) . Recently, we observed that purified reovirus cores, like adeno-associated virus (17) , fluoresce red 482 when they are stained with acridine orange and examined under UV light. Under the same conditions phenol-extracted reovirus genome RNA gave a greenish yellow color, which is typical of double-stranded nucleic acids (2, 6) . Since red fluorescence is a characteristic that is usually attributed to single-stranded polynucleotides (16) , this finding raised the possibility that the double-stranded genome RNA extracted from reovirus may be derived from polynucleotide chains that exist in situ as complementary single strands.
Dimethyl sulfate (DMS), a potent alkylating reagent, reacts with nucleic acids under neutral pH conditions (13, 27) . In contrast to many other alkylating agents that react only with singlestranded nucleic acids, DMS methylates both single-and double-stranded polynucleotides; the methylation sites are confined to the base moiety of the target nucleotides, and they vary with substrate strandedness. For example, DMS on July 6, 2017 by guest http://jvi.asm.org/ Downloaded from treatment of double-stranded DNA results in methylation mainly on the N7 atom of guanine within the major groove and the N3 atom of adenine within the minor groove of the helix. The adenine Ni position is protected by base pairing. In single-stranded DNA the Ni position rather than the N3 position of adenine is readily methylated by DMS, in addition to the guanine N7 atom (13, 19, 27) . By an analogous comparison of DMS-susceptible sites in phenol-extracted reovirus genome RNA and singlestranded viral mRNA, we found that methylation of the Ni position of adenine is also largely blocked in double-stranded RNA. By using the availability of the adenine Ni position for methylation by DMS as an indicator of base pairing, we confirmed that the reovirus genome is also double stranded in situ. Studies with a variety of other RNA and DNA viruses indicated that methylation patterns reflect overall genome structure, suggesting that this simple method is useful for probing viruses and subviral particles.
MATERIALS AND METHODS Viruses. Human reovirus type 3 Dearing strain was purified from infected mouse L cells as described previously (26) . Reovirus cores were prepared by digesting purified virions (2 mg/ml) with chymotrypsin (1 mg/ml) at 45°C for 30 min in 50 mM Tris-hydrochloride buffer (pH 8.0) containing 50 mM KCI. The resulting virus cores were collected by centrifugation at 10,000 x g for 15 min at 4°C, washed by suspension in 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer (pH 7.1) containing 50 mM KCl, centrifuged again, and finally resuspended in 10 mM HEPES buffer (pH 7.1).
Cytoplasmic polyhedrosis virus (CPV) was isolated from polyhedral inclusion bodies extracted from the midguts of infected silkworms (Bombyx mori). After purification by successive sedimentations in sucrose and CsCl density gradients (3), the final suspension of purified CPV was dialyzed against 10 mM HEPES buffer (pH 7.1).
Avian sarcoma virus (ASV) B77 and brome mosaic virus (BMV) were kindly supplied by J. M. Bishop (University of California-San Francisco) and P. Kaesberg (University of Wisconsin-Madison), respectively. These viruses were also dialyzed against 10 mM HEPES buffer (pH 7.1) and stored at 40C.
Adenovirus type 2 and vaccinia virus strain WR were purified from infected HeLa cells by previously described procedures (7, 11 (4) . To distinguish between 7-methylguanosine (m7G) and 1-methyladenosine (m'A), which were poorly resolved in this system, m7G was converted to m7G* [i.e., the ring-opened derivative 2-amino-4-hydroxy-5-N-methyl carboxamide-6-(N-fi-ribofuranosyl)pyrimidine] by incubation in 7 N NH40H for 2 h at room temperature. Under these conditions m7G, which had a net charge of +1, was converted quantitatively to the ring-opened compound, which had a gested with P1 nuclease and phosphatase were analyzed by paper chromatography in n-butanol-NH40H (100:1). Polyadenylic acid, polycytidylic acid, and polyguanilic acid were also 3H methylated and ana- The Si-resistant and -sensitive DNA components were separated by gel filtration on a Sephadex G-50 column (0.8 by 25 cm) in 10 mM ammonium bicarbonate (pH 7.6). Fractions (0.5 ml) containing the peaks of radioactivity were pooled and lyophilized. Acid hydrolysis and analysis of methylated bases by Dowex column chromatography were performed as described above.
RESULTS
Methylation of RNA genomes. To characterize the sites of DMS alkylation in doublestranded and single-stranded RNAs, genome RNA that was phenol extracted from purified reovirus and viral mRNA synthesized in vitro by reovirus cores were incubated with 10 mM [methyl-3H]DMS as described above. Under these conditions incorporation of 3H-labeled methyl groups into virus RNAs was nearly linear for 3 to 4 h and then continued at a slower rate. The reacted RNAs were isolated from the incubation mixtures by Sephadex G-100 gel filtration, and the 3H-methylated nucleosides of these RNAs were analyzed by high-voltage paper electrophoresis after successive digestions with P1 nuclease and alkaline phosphatase (4). The digests of both the double-stranded genome RNA (Fig. 1A) and the single-stranded viral mRNA ( by using virus-associated RNA polymerase was methylated as described above. The RNA preparations (50 ag in (A) and (B) were digested with P1 nuckease and alkaline phosphatase, and the resulting 3H-labeled nucleosides were analyzed by high-voltage pagper electrophoresis. (C) and (D) The material in fractions 2 through 6 of (A) and (B), respectively, was eluted, treated with 7 N NH4OH, and re-electrophoresed.
positive charge under these conditions (pH 3.5), and these two compounds migrated together toward the cathode. To identify the 3H-methylated residue(s), fractions 2 through 6 ( Fig. 1A and B) were eluted from the paper in water and analyzed by electrophoresis after treatment with 7 M NH4OH for 2 h at room temperature. These conditions degraded m7G completely to the ringopened, uncharged derivative m7G* and also partially converted m'A to m6A (4, 8) . As Fig.  10 shows, the predominant 3H-methyl-labeled nucleoside in DMS-treated reovirus doublestranded RNA was m7G (97%), which was converted by alkali treatment to the ring-opened derivative m7G*. A small portion of the radio-J. VIROL.
on July 6, 2017 by guest http://jvi.asm.org/ Downloaded from activity (3%) migrated in the original position (Fig. 1C, fractions 3 and 4) . This minor 3H-labeled compound presumably was m1A since it comigrated with m6A after a longer treatment with 7 M NH4OH (data not shown).
In contrast to the double-stranded RNA, the 3H-methyl-labeled material derived from reovirus single-stranded mRNA was resolved into three prominent, distinct peaks by electrophoresis after treatment with P1 nuclease, phosphatase, and alkali (Fig. 1D) (12) , the presence of these strands in base-paired duplexes limits methylation almost exclusively to the guanosine N7 position, compared with additional accessible sites on adenosine and cytidine residues in the mRNA. The ratio of m1A to m7G for double-stranded RNA was 0.03 (i.e., 14-fold less than the ratio obtained for mRNA). Since the extent of guanosine methylation was nearly identical in both types of RNA (5% of the total guanosine residues), the 1.7-fold increase in methylation of mRNA compared with genome RNA resulted from the differential incorporation of methyl groups into adenosine residues and, to a smaller extent, cytosine residues in the single-stranded molecules. The limited extent of methylation presumably was due Samples were analyzed for methylated nucleosides by paper electrophoresis after P1 nuclease and phosphatase digestion and quantitative conversion of m7G to m7G in 7 N NH40H. mA included m'A and its alkaline degradation product m"A, which were separated by paper electrophoresis. The methylated cytidine derivative (mC) which comigrated with m'A during electrophoresis was quantitated by paper chromatography of samples digested with P1 nuclease and phosphatase as descibed in the text.
to a decreasing concentration of DMS, which was caused by evaporation and degradation during the modification reaction.
Methylation by DMS was next used with genome RNAs in virus particles. Reovirus cores were prepared from purified virions by chymotrypsin digestion (1) . Another member of the Reoviridae, insect CPV, was used as intact, purified virions. BMV and ASV were also treated.
After the particles were incubated with [methyl-3H]DMS for 24 h at room temperature to obtain maximum modification, viral RNAs were phenol extracted and freed of residual alkylating agent by Sephadex G-100 gel filtration and ethanol precipitation. The purified RNAs were analyzed for their methylated nucleoside compositions by paper chromatography and electrophoresis after digestion with P1 nuclease and alkaline phosphatase. In each case the electrophoretic pattern was similar to the pattern shown in Fig. 1A; i.e. essentially all of the 3H-labeled ribonucleosides migrated in fractions 2 through 6, the positions of m7G and m'A markers. The material from each digest was eluted from the paper, treated with alkali to convert m7G to the ring-opened structure, and reanalyzed by electrophoresis. The results with reovirus cores (Fig. 2A) (Fig. 2B) . Thus, genome RNAs packaged within reovirus cores or intact CPV yielded patterns of chemical methylation similar to those obtained with deproteinized double-stranded RNAs. Furthermore, the extents of guanosine methylation were similar (-5% of the guanosine residues) for reovirus and CPV genome RNAs alkylated in situ and after extraction. In contrast to the two representative members of the Reoviridae, methylation of BMV and ASV resulted in the formation of significantly higher levels of methylated adenosine relative to methylated guanosine, which was consistent with the presence of single-stranded genomes in these two viruses (Fig. 2C and D) . It should be noted that there was no apparent disruption of virus particles under the conditions which we used for chemical methylation and that the mRNA guanylyltransferase and nucleotide phosphohydrolase activities associated with purified reovirus cores were not affected by the DMS treatment (30) .
The methylated nucleoside compositions of the RNA samples are summarized in Table 1 .
The diagnostic ratios of m'A to m7G were 0.03, 0.08, and 0.04 for phenol-extracted reovirus genome RNA, intact reovirus cores, and CPV virions, respectively. These values were well below the value of 0.43 obtained with reovirus single- . The viral genomes of BMV and ASV apparently contained some adenosine residues that were inaccessible to the methylating reagent, possibly due to shielding by intramolecular base pairing or intermolecular structures (23) in the case of ASV diploid RNA. Also association of the genome RNAs with structural proteins in virions probably accounted for some protected sites (10, 21) .
Analyses of chemically methylated viral DNAs. To assess the generality of using DMS methylation patterns to determine viral genome strandedness, we exposed a variety of DNA viruses to the radiolabeled alkylating agent. Nucleic acids were extracted and acid hydrolyzed, and the resulting bases were analyzed by Dowex column chromatography. We compared viral genomes methylated in situ and viral genomes after extraction from virions. As Fig. 3A shows, adenovirus DNA was methylated mainly on guanine residues at the N7 position and, to a lesser extent on the adenine N3 position. These results and the striking absence of 1-methyladenine (m'A) in contrast to the prominent m1A peak in DMS-reacted 4X174 DNA (Fig. 3B and D) are consistent with a completely double-stranded structure for DNA extracted from adenovirus. Interestingly, DMS treatment of intact adeno-virions yielded DNA that contained a significant m'A fraction (Fig. 30) . This suggested that the genome in situ contained destabilized regions which were absent from the deproteinized DNA. The methylation patterns of phenol-extracted and intravirion OX174 DNAs were also noticeably different. There was an increased accessibility of the adenine N3 sites after deproteinization (Fig. 3B) (Table 2) . Vaccinia virus DNA exposed to DMS either in the virion or after phenol extraction yielded consistently high levels of m1A compared with the amounts obtained with adenovirus doublestranded DNA ( Table 2 ). The higher ratio of m'A to m7G was apparently not due to contaminating RNA or single-stranded DNA since the same value (0.14) was obtained after RNase treatment and repurification of high-molecularweight vaccinia virus DNA. This was accomplished by treatment with pancreatic RNase (10 ,ug/ml, 370C, 15 adenine residues that retain DMS-accessible Ni sites after extraction, possibly due to their presence in single-stranded or readily denaturable stretches (for example, in duplex regions distorted by superhelical twisting or in the loop structures at the DNA termini [5] ). To test for the presence of single-stranded regions, deproteinized vaccinia virus DNA was radiolabeled with [methyl-3H]DMS, treated with singlestrand-specific nuclease Si, and filtered through Sephadex G-100. Most of the radiolabeled DNA was resistant to Si digestion and was recovered in the excluded volume (Fig. 4, inset, peak I) . However, approximately 20% of the radioactivity was released as low-molecular-weight material that was retarded during gel filtration (peak II). Peaks I and II were pooled separately, converted to their constituent bases by acid hydrolysis, and analyzed by Dowex column chromatography. Peak I contained radiolabeled m3A and a low level of m'A, in addition to the main peak of 7-methylguanine (Fig. 4A) . Peak II yielded a higher proportion of m'A and no detectable m3A (Fig. 4B) . The ratios of m'A to 7-methylguanine for peak I (0.025) and peak II (0.41) were consistent with the values expected for doublestranded and single-stranded DNAs, respectively.
DISCUSSION
Alkylation of nucleic acids by exposure to DMS at a neutral pH is an extremely useful (15) and, more recently, RNA (22) . We used this method for an analysis of the structures of viral genomes. Both RNA and DNA were modified chemically in situ by exposing virus particles to [methyl-3H]DMS. Although only a small fraction of the total bases were modified under the experimental conditions which we used, the availability of a reagent with a high specific radioactivity facilitated the studies.
Methylation occurred mainly on purine residues. In each case m7G was the major 3H-labeled product, together with m1A, minor amounts of methylated cytosine, and (in DNA) m3A. As previously observed for DNA (13) , singlestranded and double-stranded RNAs could be distinguished on the basis of the accessibility of the adenine Ni positions. In double-stranded molecules, hydrogen bonding of adenine-uracil base pairs shielded the adenine Ni sites. Consequently, the yield of m'A from phenol-extracted reovirus genome RNA was considerably lower than the yield obtained with singlestranded RNA. Our results confirmed that the RNA genomes of human reovirus type 3 and insect CPV are double stranded in situ. The genome RNAs of intact BMV and ASV yielded relatively high amounts of radioactivity in the m1A fraction, as expected for single-stranded RNAs, but the values were less than the value observed for reovirus mRNA. Since reovirus mRNA contains extensive amounts of intramolecular structure (28) , which tends to decrease the availability of adenine Ni sites, it seems reasonable to suggest that the lower accessibility of adenine Ni atoms in the single-stranded RNAs of BMV and ASV was due to protection by structural proteins. Clearly, it should be possible by comparative sequence analyses of genomes modified in situ and after deproteinization (10, 21, 23) to establish whether diminished adenine Ni accessibility is primarily due to shielding by associated proteins or due to confornational effects.
The potential of this approach for probing specific regions of altered structure in viral genomes is suggested by our preliminary results with vaccinia virus DNA. Obviously, resolution can be improved markedly by using cloned DNA fragments (29) , as has been done with simian virus 40 origins of DNA replication and T antigen (R. Tjian, Curr. Top. Microbiol. Immunol., in press). Extension of the DMS methylation method to studies of RNA viruses and subviral nucleoprotein complexes should allow identification of binding sites of structural proteins and virion-associated enzymes.
